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ABSTRACT To determine the extent of conservation be-
tween bovine syntenic group U1O, human chromosome 21
(HSA 21), and mouse chromosome 16(MMU 16), 11 genes were
physically mapped by segregation analysis in a bovine-hamsuter
hybrid somatic cell panel. The genes chosen for study span
MMU 16 and represent virtually the entire q arm of HSA 21.
Because the somatostatin gene (SST), an HSA 3/MMU 16
locus, was previously shown tube in U1O, the trnsferrin gene
(TF), an HSA 3/MMU 9 marker, was also mapped to deter-
mine whether U10 contains any HSA 3 genes not represented
on MMU 16. With the exception of the protamine gene PRMI
(HSA 16/MMU 16), all of the genes studied were syntenic on
bovine U10. Thus, all hormologous loci from HSA 21 that have
been studied in the cow are on a single chromosome. The bovine
homolog of HSA 21 also carries several HSA 3 genes, two of
which have homologous loci on MMU 16. The syntenic asso-
ciation of genes from the q arm of HSA 3 with HSA 21 genes
in two mammalian species, the mouse and the cow, indicates
that HSA 21 may have evolved from a larger ancestral mam-
malian chromosome that contained genes now residing on lISA
3. Additionally, the syntenic aation of TF with SST in the
cow permits the prediction that the rhodopsin gene (RHO) is
proximal to TF on HSA 3q.
Human chromosome 21 (HSA 21) has been the focus of
intensive genetic mapping because of its association with
Down syndrome. Genes mapped on HSA 21 include phos-
phoribosylglycinamide synthetase (PRGS); superoxide dis-
mutase, soluble (SODI); phosphoribosylaminoimidazole
synthetase (PAlS); amyloid (3-protein precursor (APP);
phosphofructokinase, liver type (PFKL), a- and 1interferon
receptor genes (IFNRA/IFNRB); avian erythroblastosis vi-
rus E26 oncogene homolog 2 (ETS2); a-crystallin polypeptide
1 (CRYAI); cystathionine -5synthase (CBS); S100 protein 13
polypeptide (SIOOB); Iymphocyte function-associated anti-
gen 1 (CD18); and type VI collagen, al and a2 (COL6AI and
COL6A2) (compiled in ref. 1). Genes homologous to several
of these HSA 21 genes, including Sod-l, App, Ets-2, Pais,
Prgs, and Ifnra/lfnrb, are located on the distal portion of
mouse chromosome 16 (MMU 16). HSA 21 and MMU 16 are
not completely conserved, however, in that Crya-1 and Cbs
map to MMU 17, and SKX0b, Cdi8, Col6al, and Col6a2 are
onMMU 10 (compiled in ref. 2). Thus, genes on HSA 21 have
homologs on three mouse chromosomes, MMU 10, 16, and
17. Additionally,'MMU 16 contains homologs of genes pre-
sent on three other human chromosomes, the protamine
genes (PRMJ and PRM2) on HSA 16, the A light-chain
immunoglobulin genes (IGL) on HSA 22, and somatostatin
(SST) and growth-associated protein (GAP43) genes on HSA
3 (2). Unfortunately, extensive mapping ofHSA 21 homologs
has not been reported for any species other than the mouse.
In the absence of greater comparative mapping data, the
ancestral relationship of HSA 21 and MMU 16 cannot be
resolved. Mapping of the loci from HSA 21 and MMU 16 in
a third mammalian taxon such as the bovine, however, could
provide important information about the evolution ofHSA 21
and MMU 16 from an ancestral mammalian chromosome.
The three species are thought to have been separated from
each other for 80 million years, and genes syntenic in two of
the three species are assumed to represent the ancestral
arrangement.
Previous studies using bovine-hamster hybrid somatic
cells showed the HSA 21 loci SOD], PRGS, PAIS, IFNRB,
and CRYAJ to be syntenic in cattle (3-5). This bovine
syntenic group, unassigned syntenic group 10 (U10), was
later shown to contain SST (6). The' synteny of SST, a HSA
3 marker, with the HSA 21 homologs is conserved on MMU
16. The homolog of CR YAJ, however, is not found on MMU
16 but maps to MMU 17. Thus it appears that the evolution
of HSA 21 and MMU 16 is more complex than a single
rearrangement of one of the two chromosomes. To further
examine the relationship between HSA 21, MMU 16, and
bovine U10, the following genes were assigned to their
respective bovine syntenic groups: APP and ETS2 (HSA 21,
MMU 16); SJOOB, COL6AJ, COL6A2, and CDJ8 (HSA 21,
MMU 10); CBS (HSA 21, MMU 17); PFKL (HSA 21, MMU
?); PRMI (HSA 16, MMU 16); and GAP43 (HSA 3, MMU 16)
(2, 7-'9). Additionally, the transferrin gene (TF), which is
proximal to SST on HSA 3 (10), was mapped to determine
whether U10 included HSA 3q genes not present on MMU
16. TF has been localized to MMU 9 in a conserved syntenic
group with aminoacylase (ACYI) (11).
MATERIALS AND METHODS
Genomic DNA Preparation. Development and character-
ization of the bovine-hamster hybrid somatic cell panel have
been described (12, 13). Genomic DNA' was prepared from
the hybrid somatic cell lines, the Chinese hamster cell line
E-36, and bovine leukocytes by standard procedures (14).
DNAs were digested with restriction endonucleases, elec-
trophoresed in 1% agarose gels, and blotted to nylon mem-
branes (Zetabind; AMF Cuno) by established techniques
(14).
Probe Preparation. The 11 sequences utilized as hybrid-
ization probes have been described (Table 1). The plasmid
inserts were released by digestion with the appropriate re-
striction enzymes and purified from agarose gels by electro-
elution (14). All insert DNAs were labeled with [a-32P]dCTP
Abbreviations: HSA n, human chromosome n; MMU n, mouse
chromosome n; RFLP, restriction fragment length polymorphism.
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Table 1. DNA sequences used as hybridization probes
Insert
Gene Clone name Clone type size, kb Ref.
APP pDS10.1 Mouse cDNA 1.2 15
ETS2 pl.27 Mouse genomic 1.27 16
GAP43 pGA3A Human cDNA 1.0 17
PFKL pG-PFKL 3.3 Human genomic 3.3 18
COL6AJ pML 18 Human cDNA 2.1 19
COL6A2 pML 1 Human cDNA 2.5 19
SIOOB pSB Rat cDNA 0.264 20
CD18 p3.1.1 Human cDNA 1.8 21
CBS p610 Rat cDNA 1.7 22
PRMI pBPK59 Bovine cDNA 0.317 23
TF pTf66G2 Human cDNA 1.0 24
kb, Kilobases.
to specific activities >109 dpm/,ug by the random primer
method (25).
Southern Hybridization. Prehybridizations were at 42°C for
2 hr in 5x SSC/1Ox Denhardt's solution/0.05 M sodium
phosphate, pH 7.0/5% (wt/vol) dextran sulfate/50% (vol/
vol) formamide/0. 1% (wt/vol) SDS containing sheared
salmon sperm DNA (500 ,ug/ml). (SSC, standard saline
citrate, is 0.15 M NaCI/0.015 M sodium citrate, pH 7;
Denhardt's solution is 0.02% Ficoll/0.02% polyvinylpyrroli-
done/0.02% bovine serum albumin.) Hybridizations were at
42°C for 18 hr in 5x SSC/1x Denhardt's solution/0.02 M
sodium phosphate, pH 7.0/10% dextran sulfate/50%o form-
amide/0.5% SDS containing sheared salmon sperm DNA
(100 ug/ml) and labeled probe (5-10 x 106 cpm). For CD18,
ETS2, PFKL, and TF, 40% formamide was substituted in the
prehybridization and hybridization mixtures. Final washes
were to a stringency of l x SSC at 60°C for CD18, COL6AI,
COL6A2, ETS2, PFKL, and TF, and 0.5x SSC at 65°C for
APP, CBS, GAP43, SIOOB, and PRMi. Filters were placed
against Kodak XAR-5 film with one DuPont Cronex Light-
ning Plus intensifying screen at -70°C for 1-7 days.
RESULTS
Homologs of 11 loci from either HSA 3, HSA 21, orMMU 16
were assigned to their respective bovine syntenic groups by
using bovine-hamster hybrid somatic cells. Representative
lanes from autoradiographs for all the genes mapped in this
study are presented in Figs. 1 and 2C. Bovine-specific
restriction fragments are easily discriminated from bands
representing hamster homologs. PRM, the only bovine
probe, did not cross-hybridize to hamster DNA under the
conditions used (Fig. 1I), but does cross-hybridize to other
more closely related species (8). Probes for two type VI
collagen genes were hybridized simultaneously to DNAs
from bovine-hamster hybrid somatic cells (Fig. 2C), as the
two probes did not cross-hybridize under the conditions used
(Fig. 2 A and B). However, an unusual segregation pattern
was seen for the COLMAJ bovine-specific bands (Fig. 2C). A
restriction fragment length polymorphism (RFLP) was sus-
pected, as more than one bovine leukocyte donor was used
in the production of the bovine-hamster hybrid somatic cell
panel. The COL6AI probe did detect a simple two-allele
RFLP in BamrRl-digested bovine genomic DNAs (Fig. 2D).
A pairwise concordancy analysis of the 11 genes indicated
that only PRMI (HSA 16, MMU 16) was asyntenic (Table 2).
The segregation of APP, chosen to represent the 10 genes
segregating concordantly, was compared to a representative
marker from each of the 26 identified bovine syntenic groups
(Table 3). Concordancy analysis revealed that APP segre-
gated concordantly only with SOD] of bovine syntenic group
U10. Thus, the other cosegregating genes, ETS2, PFKL,
SJOOB, COL6AI, COL6A2, CD18, CBS, GAP43, and TF, are
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FIG. 1. Representative autoradiographs of Southern blots of
genomic DNAs of hamster (lanes H), bovine (lanes Bo), and bovine-
hamster hybrid somatic cells (lanes 1-3) hybridized with probes for
APP (A), ETS2 (B), SIOOB (C), CD18 (D), GAP43 (E), TF (F), CBS
(G), PFKL (H), and PRMI (I). DNAs were digested with Pst I (A,
E, and F), EcoRI, (B, G, and I), BgI II (C and H), or BamHI (D).
Clones containing the homolog of the probe DNAs are indicated as
+ below the hybrid cell lanes, and the sizes of the bovine specific
restriction fragments (kb) are indicated at left.
also in U10. This group contains CR YAJ, IFNRB, PAIS,
PRGS, and SST (3-5). PRMI was also compared to markers
from the identified bovine autosomal syntenic groups and
was 94% concordant with the HSA 7 marker malate dehy-
drogenase, mitochondrial (MDH2), of syntenic group U8 (12,
I
I i
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FIG. 2. (A-C) Autoradiographs of Southern blots of BamHI-
digested genomic DNAs of hamster (lanes H), bovine (lanes Bo), and
bovine-hamster hybrid somatic cells (lanes 1-3) hybridized with
probes for COL6AJ (A), COL6A2 (B), and COMAI and COL6A2
(C). Clones carrying the COMAI and COL6A2 bovine homologs are
indicated as + below the hybrid-cell lanes, and the size(s) of the
bovine specific restriction fragments (kb) are indicated at left. (D)
Bovine genomic DNAs cut with BamHI, blotted, and hybridized to
the COL6AI probe reveal a two-allele RFLP. The band adjacent to
the "a" band was constant in all individuals surveyed.
26). Other genes currently assigned to U8 include arginino-
succinate Iyase (ASL), and 0-glucuronidase (GUSB), both
also on HSA 7 (13, 26), as well as hemoglobin, al (HBAI),
from HSA 16 (7, 13).
DISCUSSION
All HSA 21 gene homologs that have been mapped in the cow
are syntenic. In contrast, mouse homologs of HSA 21 genes
are located on three different chromosomes, MMU 10, 16,
and 17 (Fig. 3). MMU 16, which contains the largest region
of homology to HSA 21, also has homologs to loci found on
HSA 3, 16, and 22 (2). The bovine homolog of HSA 21, U10,
carries the HSA 3 genes found on MMU 16 (Fig. 4, group E),
but it does not contain the HSA 16 or 22 genes found onMMU
16, as Prm-J (HSA 16, MMU 16) and Igl (HSA 22, MMU 16)
are in bovine syntenic groups U8 and U23, respectively (13,
27). Both Prm-1 and Igi are proximal to the USA 3 and HSA
21 homologs located on MMU 16. Indeed, Prm-1 is the most
proximal locus on MMU 16 for which a cloned probe exists
and was therefore chosen to compare the full extent of
conservation between U10 and MMU 16 (28). The lack of
synteny between PRM and IGL and the U10 loci indicates
that the association of HSA 16 and 22 genes with HSA 21
homologs as seen on MMU 16 has occurred since the
divergence of mice, humans, and cattle.
Likewise the movement of HSA 21 homologs to MMU 10
and 17 (Fig. 4, groups G and H) is probably a more recent
occurrence, since all HSA 21 homologs mapped in the cow
are retained on a single chromosome. Both CBS and CRYAI
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FIG. 3. Comparison of the chromosomal location of HSA 3 and
USA 21 loci in the cow and the mouse. Asterisk denotes a locus not
mapped in the mouse.
are represented on MMU 17 and map to HSA 21q22.3. Other
genes that map to this same Giemsa-negative band on HSA
21, such as S100B, CD18, COL6AJ, and COL6A2, map to
MMU 10 (1, 2). These loci are distal to the HSA 21 loci that
map to MMU 16, indicating that the distal portion of the
ancestral progenitor of HSA 21 was broken at least twice in
the mouse lineage (Fig. 4).
In addition to the direct mapping of three HSA 3q loci
(SST, GAP43, and TF) to bovine syntenic group U10, the
previously reported linkage of TF and ceruloplasmin (CP) in
the cow (29) allows the placement of CP in U10 as well. The
syntenic association of four HSA 3q loci with HSA 21 loci as
seen in the cow is similar to the situation seen on MMU 16,
where two ofthe four loci (GAP43 and SST) are syntenic with
Table 2. Pairwise concordancy analysis
Clones Clones % concordant
tested positive retention PRMI TF SJOOB PFKL GAP43 ETS2 COL6A2 COL6AI CD18 CBS
APP 36 16 44 57 100 100 100 100 100 97 100 100 100
CBS 34 16 47 52 100 100 100 100 100 100 100 100
CD18 34 13 38 58 100 100 100 100 100 96 100
COL6AI 37 15 41 59 100 100 100 100 100 97
COL6A2 37 14 38 62 96 97 100 97 97
ETS2 36 15 42 58 100 100 100 100
GAP43 34 15 44 55 100 100 100
PFKL 29 11 38 60 100 100
SIOOB 35 15 43 59 100
TF 28 10 36 55
PRMI 35 10 29
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Table 3. Comparison of segregation ofAPP and PRMI with 26 identified bovine autosomal syntenic groups
APP PRMI
Concordant Discordant Concordant Discordant
Syntenic group +/+ -/- +/- -/+ % concordant +/+ -I- +/- -/+ % concordant
U1 (PGD) 10 16 2 2 87 5 16 2 6 72
U2 (SOD2) 10 12 4 8 65 6 13 3 11 58
U3 (GAPD) 11 12 1 5 79 4 10 3 11 50
U4 (MPI) 4 19 10 1 68 2 20 7 3 69
U5 (PKM2) 4 11 10 8 45 6 18 3 6 73
U6 (PGMI) 0 18 14 2 53 1 23 8 1 73
U7 (LDHA) 2 19 12 0 64 0 23 9 2 68
U8 (MDH2) 3 15 11 4 55 7 24 2 0 24
U9 (GPI) 0 17 14 3 50 0 21 9 3 64
U10 (SOD1) 14 20 0 0 10 2 17 5 9 58
U11 (TPA) 8 12 4 4 71 4 13 3 7 63
U12 (ACYI) 3 12 11 8 44 5 18 4 6 70
U13 (HOXI) 1 17 14 1 55 1 20 9 1 68
U14 (GSR) 4 16 10 4 59 2 18 7 6 61
U15 (PGM2) 0 20 14 0 59 0 25 9 0 74
U16 (ABL) 9 12 7 7 60 4 11 5 19 38
U17 (IDHI) 4 18 10 2 65 3 21 6 3 73
U18 (ACOI) 3 20 10 0 70 1 22 8 2 70
U19 (CAT) 10 18 4 2 82 4 16 5 8 61
U20 (GLOI) 3 14 11 6 50 2 17 7 7 58
U21 (GH) 0 20 16 0 56 0 25 10 0 71
U22 (AMH) 0 19 16 0 54 0 25 9 0 74
U23 (ALDH2) 6 4 7 13 33 4 7 5 14 37
U24 (MOS) 11 18 4 2 83 4 16 6 8 59
U25 (CLTLAI) 5 5 8 11 34 7 9 2 10 57
U26 (GOTI) 0 18 14 0 56 0 22 10 0 69
certain HSA 21 loci (Fig. 3). The extant association of certain
HSA 3q and HSA 21 genes in two diverse mammalian species
supports the hypothesis of an ancestral syntenic relationship
for these genes. Thus based on comparative mapping data,
we propose that HSA 21 evolved from an ancestral mamma-
lian chromosome that carried genes now residing on HSA 3
(Fig. 4). Although the gene order for loci residing on U10 and
U12 (the bovine homolog of HSA 3) is unknown, this is the
most parsimonious model consistent with the bovine synteny
data and the human and mouse gene maps. More extensive
synteny mapping of HSA 3 loci in the cow provides additional
support for this hypothesis (D.S.T. and J.E.W., unpublished
work).
In support of an ancestral association of HSA 3q markers
with HSA 21 genes is the finding of a glutathione peroxidase
1-like (GPXPJ) sequence on HSA 21 (30), possibly originat-
ing from the glutathione peroxidase 1 (GPXJ) gene mapped
to 3pl3-q12. Mapping of the bovine homolog of GPXI may
provide further insight into the evolution of HSA 21.
Additional evidence for an ancestral syntenic association
of HSA 3 and HSA 21 gene homologs comes from mapping
studies in marsupials. In the marsupial Sminthopsis crassi-
caudata, TF(HSA 3) is in linkage group U2 with SODI (HSA
21) (31). The significance of this finding cannot be fully
addressed at this time, as only a small number of genes have
been mapped for this species.
The skeletal physical map of the bovine genome is being
established by a variety of classic methods, including the use
of hybrid somatic cells and in situ hybridization (11, 32). The
genetic map of the cow will also be generated by normal
procedures, including searching for RFLPs associated with
genes of interest and studying the inheritance of these RFLPs
in pedigreed families. The determination of the extent of
conservation between bovine syntenic groups and human and
mouse chromosomes will help direct the generation of a
linkage map for bovine chromosomes. The mapping of HSA
21/MMU 16 genes in the cow allows the evaluation of
conservation for one important set of genes.
The results discussed here indicate the importance of
substantial mapping in mammalian species other than Homo
sapiens and Mus musculus. The question of whether the
association of HSA 21 genes with HSA 3 genes seen in the
laboratory mouse is recent or ancestral could not be ade-
quately addressed until the mapping of those same genes had
been done in at least one other mammalian species such as
Bos taurus. Mapping of these same genes in additional
mammalian species will increase understanding of the rear-
rangements involved in the evolution of HSA 21, MMU 16,
and bovine U10. Comparative gene maping can also allow the
prediction of gene order on human chromosomes. From the
mapping data presented here, we propose that RHO is
proximal to TF and CP, such that one break between these
loci would allow the generation of the two bovine chromo-
somes carrying HSA 3 homologs (Fig. 3).
The identity of the bovine chromosome represented by
U10 is still uncertain. Viable trisomies have been reported in
cattle, primarily for certain of the smaller chromosomes (33,
34). Because the genetic content of U10 seems as great or
greater thanMMU 16, there may not be a possibility of viable
trisomies for the U10 chromosome in cattle. Nonetheless,
identification of the bovine chromosome that is homologous
to HSA 21 may be important for the development and
evaluation of Down syndrome-like phenotypes in cattle.
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